Introduction
Activation of microglia cells in the spinal cord and subsequent release of proinflammatory cytokines play a key role in the development of pathological pain. Both extracellular signal-regulated kinase (ERK) 1/2 and p38 mitogen-activated protein kinases (MAPKs) are activated in models of pathological pain and MAPK inhibitors provide relief from painful behaviors in animals (reviewed in Refs [1, 2] ). Ultimately, the downstream neurophysiological substrate for the development of painful behavior involves alterations in excitability in the periphery (peripheral sensitization) or in the synaptic processing of nociceptive afferent information (central sensitization) [3] .
Hydrogen peroxide (H 2 O 2 ), a diffusible reactive oxygen species produced by cells under physiological and pathophysiological conditions, modulates synaptic activity in the brain (reviewed in Refs [4, 5] ). Sequestration of H 2 O 2 decreases painful behavior [6] and as H 2 O 2 induces ligand-independent dissociation of heterotrimeric G-protein with subsequent activation of MAPK by the free Gbg [7] , we became interested in the potential role of H 2 O 2 as the intermediary messenger between cellular injury and neurophysiological changes leading to painful behavior.
During the course of an investigation of the acute effects of H 2 O 2 on GABAergic miniature inhibitory postsynaptic (mIPSC) activity in the substantia gelatinosa (SG) of the spinal cord, we discovered that H 2 O 2 has both a presynaptic effect manifested by an increase in the frequency of mIPSC and a postsynaptic effect observed as an increase in the amplitude of mIPSC. The main presynaptic effect of H 2 O 2 in SG neurons is due to a presynaptic release of inositoltrisphosphate receptor-sensitive stored Ca 2 + [8] . This work reports on an atypical pharmacology exhibited by the p38 MAPK inhibitor SB203580, which blocks the postsynaptic effect of H 2 O 2 on the amplitude of mIPSCs.
Methods
Mouse spinal cord slice preparation All procedures were approved by the Columbia University IUCAC. Young male (C57BL/6) mice (3-5 weeks old) were anesthetized with an intraperitoneal injection of urethane (1.5-2.0 g/kg). After confirming adequate depth of anesthesia, lumbosacral laminectomy was performed and mice were perfused intracardially with ice-cold sucrose-substituted artificial cerebrospinal fluid (sACSF) containing (in mM): 252 sucrose, 2.5 KCl, 2 CaCl 2 , 2 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 10 glucose, 5 kynurenic acid, 340-350 mOsm/kg and pH 7.35. Mice were killed by exsanguination, and the lumbosacral spinal cord (L1-S3) was quickly removed and immediately chilled in an ice-cold sACSF solution. Transverse slices 250-mm thick from the L4-L5 region were cut with a moving blade microtome (Leica Microsystems, Model VT1000S, Wetzlar, Germany) and the slices were kept in normal oxygenated ACSF (126 mM, NaCl instead of sucrose and without kynurenic acid, 300-310 mOsm/kg) at room temperature until used for recording.
Electrophysiology A spinal-cord slice was transferred to the recording chamber constantly perfused (B3 ml/min) with oxygenated ACSF at 36711C. SG neurons and a whole-cell patch-clamp recording were established as described [8] All drugs were dissolved in dimethylsulfoxide (DMSO) such that the maximal final concentration of the DMSO was less than 0.25%. In control experiments, this DMSO concentration had no effect on mIPSCs. The MAPK inhibitors were used at SB203580 (5 mM), PD98059 (5 mM), and SP600125 (100 nM) in ACSF. Catalase (250 U/ml) was also added to the ACSF and glutathione (GSH, 5 mM) added to the pipette solution.
Western blot
Western blots were carried out by standard methods. Briefly, spinal-cord slices were directly lysed in sodium dodecyl sulfate sample buffer and incubated at 1001C for 10 min before loading on a 10% sodium dodecyl sulfate-polyacrylamide gel. Proteins were separated by electrophoresis, and transferred to a nitrocellulose membrane (BioRad, Hercules, California, USA). The membrane was blocked in 5% milk-TBST, probed with the following primary antibodies (all 1 : 500-1 : 1000 dilution): pan-specific and phosphospecific MAPK (Cell Signaling Technology, Beverly, Massachusetts, USA; #9101, #9211, #9252, #9255) all in 3% milk-TBST, and reacted with the horseradish peroxidaseconjugated secondary antibody (1 : 2000) in 3% milk-TBST. After reaction with the Western Lightning chemiluminescence reagent (NEN Life Science Products, Boston, Massachusetts, USA), the images were captured on the EpiChem3 Darkroom System (UVP Inc, Upland, California, USA 
Results
Upward-going GABAergic miniature inhibitory postsynaptic currents were seen in substantia gelatinosa neurons voltage-clamped at 0 mV. Addition of H 2 O 2 (1 mM) resulted in an increase in the observed events (Fig. 1a) (Fig. 1b) . Lower concentrations of H 2 O 2 increased the frequency but without any statistically significant effect on the amplitude [8] . The amplitude increase by 1 mM H 2 O 2 was reversed by SB203580, whereas the frequency increase remained unchanged (Fig. 1c and d) . Inhibition of ERK1/2 and JNK MAPKs by coapplication of PD98059 and SP600125 did not block the H 2 O 2 augmentation of the event amplitude (Fig. 1d) . The H 2 O 2 -induced increase in the frequency was blocked by catalase in the perfusion medium but not GSH inside the patch pipette, suggesting a presynaptic site of action [8] . In contrast, the increase in the amplitude was postsynaptic in origin as either the addition of catalase or the inclusion of GSH had eliminated this H 2 O 2 effect (Fig. 1d) . Pharmacological evidence upto this point was consistent with a possible novel p38-mediated increase in the postsynaptic GABA A receptor activity.
We sought biochemical confirmation of the suspected H 2 O 2 activation of p38 activation in the spinal-cord slices. Spinal-cord slices, prepared in the identical manner to that in the physiological experiments, were harvested immediately upon slicing (control), at the beginning of the physiological experiment (0 min), and after exposure to H 2 O 2 (10 min), and probed for phospho-MAPK by Western blots (Fig. 2a) . To our surprise, p38 and ERK1/2 MAPKs appeared fully activated during the rescue incubation of the slices before commencing the physiological recording, but no further increase in phospho-MAPK was observed after addition of H 2 O 2 . In contrast, JNK remained uninduced. As many cell types exist in a spinal-cord slice, we performed immunohistochemistry in an attempt to determine whether there had been an H 2 O 2 -induced increase in neuronal phospho-p38 not discernable by the Western blot method.
Consistent with the Western blot results, slices immediately upon cutting demonstrated little phospho-p38 immunoreactivity (Fig. 2b) . Slices after rescue incubation corresponding to the 0 time point in the Western blot demonstrated an increase in p38 activation (Fig. 2d) , with no apparent further increase after H 2 O 2 treatment, corresponding to the 10-min time point in the Western blot (Fig. 2e) . Confocal microscopy revealed minimal overlap between the neuronal nuclei marker NeuN and the phospho-p38 signal, suggesting no occult activation of neuronal p38 by the acute administration of H 2 O 2 ( Fig. 2  D3 and E3) .
Discussion
H 2 O 2 increased mIPSC peak amplitude and frequency but without change in the event-decay time. The increase in amplitude was blocked by the inclusion of GSH in the recording pipette, indicating that H 2 O 2 modulation of the postsynaptic GABA A receptor was the site of action. Furthermore, the mechanism responsible for the increase in mIPSC frequency was different from that responsible for the increase in the event amplitude as 2-aminoethoxydiphenyl borate, an inhibitor of the inositol-trisphosphate receptor, decreased the mIPSC frequency with no effect on the amplitude [8] , whereas SB203580 exhibited the opposite property, having no effect on the frequency but preventing the amplitude increase.
GABAergic synaptic inhibition in SG plays a major role in processing nociceptive information from the primary afferent to the secondary sensory neurons by acting at both presynaptic and postsynaptic sites (reviewed in Ref. [9] ). Thus alternations of GABAergic inhibitory synaptic transmission in SG could result in pathological hyperalgesic states. Given the well-described role of MAPK in pathological pain, we were not surprised to see that SB203580, a selective p38 MAPK inhibitor, blocked the enhancement of GABAergic mIPSC by H 2 O 2 . This observed action of SB203580 was not due to the DMSO carrier and its action as a free-radical scavenger as DMSO alone at the same concentration, or other drugs dissolved in the same carrier, did not block the H 2 O 2 -induced increase in mIPSC amplitude. Protein kinase A, protein kinase C, Cam-kinase II, and tyrosine-kinase modulation of the GABA A receptor are well described in the literature (reviewed in Ref. [10] ). No reports, however, of MAPK modulation of GABAergic physiology could be found.
As H 2 O 2 activates MAPK, we expected that the observed effect of SB203580 on mIPSC was due to the drug antagonism of p38 MAPK. To our surprise, however, Western blot analysis of spinal-cord slices subjected to identical conditions in electrophysiological experiments revealed p38 and ERK1/2 maximally activated before the H 2 O 2 challenge. Phosphorylated MAPKs appeared during the postcutting 'rescue incubation' typically used to prepare slice preparations for electrophysiological studies. The cellular stress leading to MAPK activation was most likely the trauma from cutting but it was only manifested during the rescue incubation. Subsequent H 2 O 2 challenge demonstrated no further increase in the levels of phospho-MAPK than we would expect if MAPK were previously maximally activated. Immunohistochemistry and confocal microscopy confirmed that there was no occult activation of neuronal p38 by acute administration of H 2 O 2 that was undetected by a Western blot. 
